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Summary
Somitogenesis is the process by which the seg-
mented precursors of the skeletal muscle and verte-
bral column are generated during vertebrate embryo-
genesis. While somitogenesis appears to be a serially
homologous, reiterative process, we find that there
are differences between the genetic control of early/
anterior and late/posterior somitogenesis. We demon-
strate that point mutations can cause segmentation
defects in either the anterior, middle, or posterior so-
mites in the zebrafish. We find that mutations in ze-
brafish integrina5 disrupt anterior somite formation,
giving a phenotype complementary to the posterior
defects seen in the notch pathway mutants after
eight/deltaD and deadly seven/notch1a. Double mu-
tants between the notch pathway and integrina5 dis-
play somite defects along the entire body axis, with a
complete loss of the mesenchymal-to-epithelial tran-
sition and Fibronectin matrix assembly in the poste-
rior. Our data suggest that notch- and integrina5-
dependent cell polarization and Fibronectin matrix as-
sembly occur concomitantly and interdependently
during border morphogenesis.
Introduction
Somites form sequentially from anterior to posterior in
bilateral pairs as the embryo extends posteriorly, giving
rise to a species-specific number of segments. Studies
in mouse, chick, Xenopus, and zebrafish support a
model in which somite formation is governed by a mo-
lecular oscillator, called the “somite clock,” which*Correspondence: scott.holley@yale.edu
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somitic mesoderm (PSM). Propagation of these oscilla-
tions requires notch pathway signaling (mouse, zebra-
fish) and wnt (mouse) and are further modulated by fgf
signaling (mouse, chick, zebrafish) and the tbx gene
fused somites (fss) (zebrafish). Stabilization of the oscil-
lations in the anterior PSM leads to the establishment
of segment polarity and the onset of morphological
segmentation, which requires Mesps, Notch/Delta, and
Eph/Ephrins, as blocks of cells pinch off from the ante-
rior of the mesenchymal PSM to form an epithelial so-
mite (in zebrafish, mouse, and chick) (Giudicelli and
Lewis, 2004).
Numerous genetic studies demonstrate that pertur-
bation of notch signaling in mice, humans, and zebra-
fish (Bessho et al., 2001; Bulman et al., 2000; Conlon et
al., 1995; Dunwoodie et al., 2002; Evrard et al., 1998;
Holley et al., 2000, 2002; Hrabé Angelis et al., 1997; Ku-
sumi et al., 1998; Oka et al., 1995; Sieger et al., 2003;
van Eeden et al., 1996; Wong et al., 1997; Zhang and
Gridley, 1998), wnt3a in mice (Aulehla et al., 2003; Ta-
kada et al., 1994), receptor tyrosine phosphatase j in
zebrafish (Aerne and Ish-Horowicz, 2004), or mesp2 in
mice (Saga et al., 1997) leads to a segmentation defect
in the posterior, but not the anterior, somites, with the
defects occurring posterior to the 5th–9th somites in ze-
brafish. It is believed that this polarity represents a
gradual breakdown of a single patterning mechanism
that normally governs the segmentation of the entire
body axis (Jiang et al., 2000). This hypothesis is sup-
ported by the fact that most genes expressed in a seg-
mental pattern within the somites are expressed in all
somites. Additionally, fss mutant embryos show seg-
mentation defects along the entire body axis, indicating
that there are common features in the genetic control
of anterior and posterior somitogenesis (van Eeden et
al., 1996).
There are, however, several notable observations that
distinguish the specification, formation, and differentia-
tion of the anterior somites. Differences in the specifi-
cation of the anterior paraxial mesoderm have been un-
covered by genetic experiments in mice and zebrafish.
Mice mutant for either of the transcription factors meso-
genin or tbx6 form only the anterior paraxial mesoderm
(Chapman and Papaioannou, 1998; Yoon and Wold,
2000). Similarly, in zebrafish, one eyed pinhead;no tail
double mutants lack all but the anterior w5 somites
(Schier et al., 1997). One consistent difference in ante-
rior somitogenesis observed in mice, zebrafish, and the
cephalochordate amphioxus is the more rapid pro-
gression of the somite cycle (Hanneman and West-
erfield, 1989; Schubert et al., 2001; Tam, 1981). In the
zebrafish, the anterior 6 somites form every 20 min,
while the 24 posterior somites form every 30 min. In
amphioxus, this temporal difference is even more ex-
treme in that the anterior w8 somites form every hour
but each subsequent somite cycle is 18 hr. There is also
precedent for mutations that more severely affect the
differentiation of the anterior somites. In the mouse,
PDGFRα is thought to mediate signaling between the
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576myotome and sclerotome, and mice mutant for this re- a
mceptor show extensive fusion of the cervical vertebrae
but milder defects in thoracic and lumbar vertebrae m
t(Soriano, 1997; Tallquist et al., 2000). This is similar to
congenital human defects known as Klippel-Feil syn- d
vdrome in which the cervical vertebrae are fused but the
rib cage is only moderately affected, if at all (Pourquié t
fand Kusumi, 2001).
In this study, we make several observations that fur- p
ether distinguish anterior somitogenesis and suggest
that somites 7–9 represent a transition zone between e
fanterior and posterior somitogenesis in zebrafish. We
performed a genetic screen for mutants exhibiting mor- N
pphological defects confined to the anterior somites and
identified two alleles of a gene called before eight (bfe). o
aWe positionally cloned bfe and found that it encodes
the zebrafish integrina5. Integrinα5 forms a hetero- a
tdimer with Integrinβ1 to create the primary receptor for
the extracellular matrix (ECM) protein Fibronectin (Fn)
(Miranti and Brugge, 2002). Morpholino knockdown of T
the Integrinα5 ligand natter(nat)/fn1 (Trinh and Stainier, t
2004) weakly phenocopies integrina5, while knock- I
down of a second ligand, fn3, affects all somites. We s
examined double mutants between integrina5 and the s
posterior-specific notch pathway mutants. integrin- b
a5;aei/deltaD double mutants exhibit somite defects s
along the entire anterior-posterior axis and display a p
loss of mesenchymal-to-epithelial transition (MET) and 7
failure to assemble Fn matrix within the posterior so- 1
mitic mesoderm. These effects on morphogenesis un- p
derscore the fact that the genetic differences between b
anterior and posterior segmentation described here a
largely pertain to the direct regulation of segment mor- i
phogenesis as opposed to differences in the creation P
of the segmental prepattern. t
t
iResults
t
aDistinct Patterns of Gene Regulation
in the Anterior Somites a
There are two classes of genes that display differences
in their patterns of transcription when comparing the b
anterior 5–7 somites with their posterior counterparts. W
The first class of genes is segmentally expressed in all s
somites, but this expression arises simultaneously in s
the anterior 5–7 somites at the 6- to 10-somite stage, t
while subsequent stripes form successively with the a
creation of each new somite. The segmental expression e
of myoD, snail1, and engrailed show this temporal t
pattern of regulation (Figures 1A–1C) (Ekker et al., 1992; s
Hammerschmidt and Nu¨sslein-Volhard, 1993; Weinberg m
et al., 1996). The second class of genes are exclusively b
expressed in the anterior somites: sox11a (de Martino b
et al., 2000) (Figure 1D) and nanos2 (Figure 1E). Notably, m
the localized transcription of these two genes precedes a
or is concurrent with the establishment of hox expres- s
sion in this region of the paraxial mesoderm (Prince et i
al., 1998). p
u
iThe Anterior Somites Are Resistant to Perturbation
of notch Signaling n
aMutations in the notch pathway genes after eight (aei)/
deltaD (Figure 1G) and deadly seven (des)/notch1a and Ontisense inhibition of Su(H) affect the posterior so-
ites while the anterior somites are normal, and double
utant analysis suggests that the resistance of the an-
erior somites to genetic perturbation is not due to re-
undancy (Holley et al., 2000, 2002; Sieger et al., 2003;
an Eeden et al., 1996, 1998). Overexpression of an ac-
ivated form of Notch (NICD) or a dominant-negative
orm of the notch pathway gene Su(H) (X-Su(H)DBM) can
erturb Xenopus and zebrafish somite formation (Jen
t al., 1997; Takke and Campos-Ortega, 1999; Wettstein
t al., 1997). We repeated these experiments in zebra-
ish and found that injection of low amounts of either
ICD or X-Su(H)DBM mRNA preferentially affects the
osterior somites (Figures 1H and 1J), while injection
f higher levels of either gene blocks the formation of
ll somites (Figures 1I and 1K), demonstrating that the
nterior somites are also resistant to “dominant” per-
urbation of notch signaling.
ransient Segmentation Defects around
he 7th–9th Somites
n addition to the posterior-specific mutants, we ob-
erve transient segmentation defects centered around
omites 7–9 in fused somites (fss) heterozygous em-
ryos and in some trans-heterozygous combinations
uch as fsste314a/+;aeitg249/+;destx201/+ (Figure 1L). This
erturbation may affect only one or two borders of the
th, 8th, or 9th somites or may extend from the 6th to the
2th somite. We have not been able to detect transient
erturbations in the somite clock in these mutant em-
ryos, suggesting that the perturbation may specifically
ffect segment border formation (data not shown). This
s consistent with the requirement of fss in the anterior
SM (Barrios et al., 2003; van Eeden et al., 1998). These
ransient segmentation defects suggest that a transi-
ion occurs around somites 7–9 and that this transition
s particularly sensitive to a reduction in fss gene func-
ion. It further demonstrates that point mutations can
ffect the segmentation of a restricted part of the body
xis without affecting the posterior somites.
efore eight Is Required for Anterior Somitogenesis
e performed a morphological screen of 5- to 15-somite-
tage embryos from 3532 mutagenized families repre-
enting 3265 genomes for anterior-specific somite mu-
ants and isolated two phenotypically indistinguishable
lleles of a locus called before eight (bfe). bfe mutant
mbryos display a segmentation defect complemen-
ary to that of the notch pathway mutants: the anterior
omites are irregular, but posterior segmentation is nor-
al (Figure 2A). While some homozygous embryos can
e identified at the 3-somite stage, the mutants cannot
e reliably sorted until the 5- to 7-somite stage. In ho-
ozygous embryos, somite morphogenesis appears to
rrest after the border cells align and the borders sub-
equently disappear. Examination of prepatterning with-
n the morphologically unsegmented PSM revealed no
erturbation in her1, her7, or deltaC expression (Fig-
res 2B–2D), indicating that the somite clock functions
n bfe, again contrasting its phenotype to that of the
otch pathway mutants (Figures 2E–2G) (Gajewski et
l., 2003; Holley et al., 2000, 2002; Jiang et al., 2000;
ates and Ho, 2002). Patterning defects can be seen
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577Figure 1. Distinguishing Features of the Anterior Somites
(A–E) Dorsal views of dissected trunks and tails. Anterior is pointing up. (A)–(D) show one bilateral half for the early (left) and late (right)
expression of (A) myoD at the 3- and 7-somite stage, (B) snail1 at the 3- and 7-somite stage, (C) engrailed at the 3- and 10-somite stage, and
(D) sox11a at the 7- and 16-somite stage, while (E) shows nanos2 expression in whole trunks at 6- and 16-somite stages. Somitic expression
of nanos2 fades by the 16-somite stage. Arrowheads in (C) and (D) indicate the anterior segmental gene expression.
(F–L) Lateral DIC images of the trunks of live w12- to 16-somite-stage embryos. Anterior is toward the left. (F) Wild-type. (G) aei/deltaD
homozygote. (H–K) Injection of low levels of either (H) NICD or (J) X-Su(H)DBM mRNA preferentially affects the posterior somites, while injection
of higher levels of either (I) NICD or (K) X-Su(H)DBM affects all somites. For each set of injections, presented are the number of experiments
(exp.) and the percentage of embryos that form the specified number of somites (/s). Percentage is calculated relative to the total number of
nonnecrotic embryos (n). 75 ng/l NICD: (seven exp.) 47.5/0s, 3.8/3s, 8.4/4s, 7.6/5s, 8.4/6s, 1.3/7s, 0.4/10s; 22.7/wt [n = 238]. 200 ng/l NICD:
(4 exp.) 77/0s, 1.0/2s, 3/3s, 2/4s, 2/5s, 2/7s; 13/wt [n = 100]. 100 ng/l X-Su(H)DBM: (4 exp.) 3.7/0s, 0.7/2s, 3/3s, 16.3/4s, 18.5/5s, 20.7/6s,
15.6/7s, 8/8s, 4.5/9s, 0.7/10s; 8/wt [n = 135]. 250 ng/l X-Su(H)DBM: (6 exp.) 34.2/0s, 3/2s, 8.7/3s, 20/4s, 12/5s, 10/6s, 4.3/7s, 0.5/8s, 0.5/9s;
7/wt [n = 231]. (L) fsste314a/+;aeitg249/+;destx201/+ embryos show a transient segmentation defect centered on the 7- to 9-somite region
(asterisks). 5 of 14 fss/fss × aei/+;des/+ crosses produced transient segmentation defects around the 7- to 9-somite region in 35 of 124, 30
of 102, 14 of 63, 54 of 98, and 4 of 60 embryos, respectively. In some genetic backgrounds, fss/+ embryos display a similar transient
segmentation defect (observed in 11 crosses involving 2 independent fss alleles).die between days 3 and 14. naling from the notochord to the somites, leading to
Figure 2. before eight Is Required for Anterior Somitogenesis
(A) Lateral DIC image of a live w14-somite stage bfe mutant embryo.
(B–G) Dorsal views of the tailbud with anterior pointing up. The oscillating expression of (B and E) her1, (C and F) her7, and (D and G) deltaC
is normal in (B–D) 3-somite-stage bfe embryos, but not in (E–G) 8-somite-stage aei/deltaD mutant embryos.
(H–J) Dorsal views of dissected trunks and tails showing myoD expression (red) and her1 expression (blue). (H) Wild-type. (I) bfe mutant
embryos display defects in the anterior segmental expression of myoD, whereas (J) aei/deltaD embryos show aberrant myoD expression in
the posterior.in the segmental expression of myoD (Figure 2I). How-
ever, the expression of tbx24, notch1a, notch5, notch6,
mespa, mespb, papc, lfringe, and hoxy6 appears to be
relatively normal in bfe embryos, suggesting that bfe
plays a minor role in establishing or maintaining polarity
within each somite (data not shown). bfe homozygotesbfe Is Necessary for Normal Myotome Shape and
Myotome Border Recovery in fss Homozygotes
In the posterior of bfe mutant embryos, somites adopt
a U-shape rather than the chevron shape seen in wild-
type embryos (Figures 3A and 3B). U-shaped somites
are usually indicative of perturbation of hedgehog sig-
Developmental Cell
578Figure 3. bfe Mutant Embryos Have U-Shaped Posterior Somites
(A and B) Lateral DIC images of the trunk and tail of larvae 96 hr postfertilization (hpf). (A) Wild-type. (B) bfe homozygotes.
(C and D) Lateral DIC images of the 10th–15th somites of 72 hpf embryos. The horizontal myoseptum (arrows) is present in both (C) wild-type
and (D) bfe homozygotes.
(E and F) Engrailed is expressed in the muscle pioneers of 24 hpf embryos in both (E) wild-type and (F) bfe mutant embryos. Both images
are lateral views of the first 11–12 somites.
(G and H) Projections of stacks of confocal fluorescence images of 36 hpf embryos stained for slow muscle myosin heavy chain. Images are
of the 10–15 somite region. (G) Wild-type. (H) bfe homozygotes.
(I–N) Dorsal views of the w7th–15th somites of embryos 36 hpf. (I and L) Widefield images of the slow muscle fibers. (J and M) DIC images.
(K) An overlay of (I) and (J). (N) An overlay of (L) and (M). nt, neural tube. s, somites.
(O–R) Lateral, darkfield images of muscle fiber birefringence of 72 hpf embryos. Shown are the w7th–15th somite region. Myotome borders
are evident in (O) wild-type embryos, in (P) bfe homozygotes, and in (Q) fss mutant embryos (arrowheads), but they are largely absent in (R)
fss;bfe double homozygotes .
In all panels, anterior is toward the left.mispecification of the adaxial cells and their deriva- w
dtives: the horizontal myoseptum, muscle pioneers, and
slow muscle fibers (Schauerte et al., 1998; van Eeden (
met al., 1996). In contrast to most U-type mutants, bfe
embryos have a horizontal myoseptum (Figures 3C and f
m3D) and Engrailed-expressing muscle pioneers (Figures
3E and 3F). Similarly, bfe embryos display normally ar- t
tranged slow muscle fibers within the U-shaped myo-
tomes (Figures 3G and 3H). These slow muscle fibers a
fare induced at the medial edge of the somite, and 3–6
hr after segmentation, they migrate through the somite
to the lateral surface of the myotome (Figures 3I– b
b3K)(Blagden et al., 1997; Devoto et al., 1996). Examina-
tion of bfe embryos reveals that the lateral migration of k
(the slow muscle fibers is normal (Figures 3L–3N). Fi-
nally, we investigated the ability of the adaxial cell de- r
erivatives to create irregular myotome borders in fss
mutant embryos. Myotome borders are present in wild- w
dtype, bfe, and fss embryos but are largely absent in
bfe;fss double mutant embryos (Figures 3O–3R). Thus, hhile we find no obvious defect in the expression of
irect targets of hedgehog signaling, such as patched
data not shown), nor in the specification or develop-
ent of the horizontal myoseptum or the slow muscle
ibers, mutations in bfe do affect the ability of the slow
uscle fibers to make/shape myotome borders. In con-
rast to the anterior segmentation defect, this aspect of
he bfe phenotype affects the entire anterior-posterior
xis during a process that occurs hours after somite
ormation.
fe Encodes integrina5
fe was mapped via meiotic recombination to a 144
b region containing a predicted homolog of integrina5
Figure 4A). We sequenced the coding region of integ-
ina5 from wild-type embryos and both bfe alleles. In
ach mutant allele, premature stop codons were found
ithin the 5th repeat of the β propeller, which forms the
omain containing the binding sites for Fn in the α5/β1
eterodimer (Figures 4B and 4C) (Humphries et al., 2003).
Integrinα5, Notch, and Somite Morphogenesis
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(A) bfe was mapped via meiotic recombination to chromosome 23 between the simple sequence length polymorphisms (SSLPs) z4421 (126
recombinations in 1470 meioses) and z5141 (12 recombinations in 2536 meioses). z5141 and expressed sequence tags (ESTs) between the
two SSLPs were used to isolate BACs (horizontal gray bars), and the end sequences of the BACs generated by the Zebrafish Genome Project
were used to generate single nucleotide polymorphisms (SNPs), which then were used to refine the genetic interval to 144 kb (light gray box).
This interval contained a zebrafish homolog of integrina5.
(B and C) Sequence analysis identified independent premature stop codons within the fifth β propeller repeat of integrina5 in both (B) tbfe1
and tbfe2 and in gray boxes in (C). (C) The predicted amino acid sequence of Integrinα5 displays 57%, 53%, and 54% identity to the Xenopus,
mouse, and human Integrinα5, respectively. The protein domains are color coded as in (B).
(D) integrina5 mRNA is deposited maternally and can be seen in the two-cell blastula.
(E–G) At the shield stage, (E) integrina5 is transcribed ubiquitously, while during both (F) early and (G) late somitogenesis, it is expressed in
the posterior tip of the tail bud, t, and weakly in the PSM and the adaxial cells, a. 3s, 3-somite stage. 15s, 15-somite stage. In (E), the shield
is to the right. (F) and (G) are dorsal views.
(H and I) Lateral DIC views of live 10- to 15-somite-stage embryos. (H) Injection of 300 M of an integrina5 morpholino phenocopies bfe (five
experiments, 90% affected, n = 263). (I) Injection of the integrina5 morpholino into integrina5 mutant embryos produces a stronger defect
in the anterior somites (four experiments, n = 324, 25.6% no anterior somite borders, 69.7% irregular anterior somite borders, and 4.6%
wild-type).
(J) Injection of 250 ng/l in vitro-synthesized integrina5 mRNA into bfe embryos rescues the segmentation phenotype (four experiments, n =
382, 99.7% were wild-type). Injection of 250 ng/l of an mRNA encoding for an Integrinα5-GFP fusion protein also rescues integrina5 mutants
(green in [J]). Coinjection of an mRNA encoding for mRFP with a nuclear localization signal (red in [J]) allows simultaneous examination of
the alignment and polarization of the somite border cells along with Integrinα5 clustering. The arrowhead indicates Integrin clustering along
the basal surface of the somite border cells. Note that the cells along this border have adopted a columnar morphology, while the cells along
the less mature border to the right have not completed epithelialization. Arrows indicate Integrinα5-GFP clustering along the nascent somite
border. Pictured is a confocal image (dorsal view) of the anterior PSM and the most recently formed somites of aw10-somite-stage embryo.
Injection experiments in (I) and (J) used embryos derived from bfe/+ × bfe/+ matings.
In (F)–(J), anterior is toward the left.Thus, both bfe alleles should be null alleles of integ-
rina5. Recently, a missense mutation in the zebrafish
integrina5 was isolated in a screen for craniofacial de-
fects (Crump et al., 2004). We observe similar defects
in the hyosymplectic, ceratohyal, and gill cartilages
(data not shown).
integrina5 mRNA is maternally deposited and later
ubiquitously expressed at the beginning of gastrulation
(Figures 4D and 4E). During both early and late somito-
genesis, integrina5 is expressed in the posterior tip ofthe tailbud and in the adaxial cells (Figures 4F and 4G).
The Integrinα5 protein required for somite border for-
mation likely derives from the ubiquitous maternal and
early zygotic expression as well as the expression in
the posterior of the tailbud, while the later defect in
myotome morphology correlates with the elevated ex-
pression in the adaxial cells. Indeed, injection of an
antisense morpholino against integrina5 phenocopies
the integrina5 mutant (Figure 4H), and injection into the
integrina5 mutant embryos produces a stronger defect
Developmental Cell
580in the anterior somitic mesoderm (Figure 4I). The en- a
dhancement of the zygotic phenotype is likely due to the
morpholino inhibition of translation of the maternal i
emRNA, suggesting that the wild-type maternal contri-
bution buffers some of the effects of the loss of zygotic t
pactivity in integrina5 homozygotes. Injection of integ-
rina5 or integrina5-GFP mRNA rescues the integrina5 t
smutant phenotype (Figure 4J). Visualization of Integ-
rinα5-GFP along with either a nuclear RFP or DIC in live (
embryos via timelapse microscopy reveals Integrinα5-
GFP around the cell cortex and Integrinα5-GFP cluster- n
aing along the future basal side of the somite border
cells. This clustering along nascent somite borders is i
Pconcomitant with alignment and polarization of the bor-
der cells (Figure 4J, arrows, and Movie S1; see the Sup- n
mplemental Data available with this article online).
W
mKnockdown of nat/fn1 or fn3 Leads to Defects
in Somitogenesis f
tIntegrinα5 heterodimerizes with Integrinβ1 to form one
of eight known receptors for the ECM protein Fn. (
pThroughout somitogenesis, integrinb1 is expressed in
the adaxial cells, posterior tailbud, and PSM and is b
fweakly expressed in the somites (Figures 5A and 5B)
(Thisse et al., 2001). In zebrafish, there are two fibro- a
pnectin genes, nat/fn1 and fn3, that are expressed in the
paraxial mesoderm during segmentation. During both u
fearly/anterior and late/posterior somitogenesis, nat/fn1
is expressed in the notochord and in the posterior tail- eFigure 5. nat/fn1 and fn3 Are Necessary for Zebrafish Somitogenesis
(A–G) integrinß1 mRNA expression during (A) early and (B) late somitogenesis. nat/fn mRNA expression during (C) early and (D) late somito-
genesis. fn3 mRNA expression during (E) early and (F) late somitogenesis. (A, C, and E) 4-somite-stage embryos. (B, D, and F) 15-somite-
stage embryos. (G) Fn matrix localization in a 14-somite-stage embryo. (A–G) Dorsal views with anterior to the left.
(H) Injection of 750 M of the nat/fn1 morpholino phenocopies the integrina5 anterior somite phenotype (three experiments, 30% of 98
embryos displayed irregular anterior somites).
(I) 750 M nat/fn1 morpholino was injected into embryos derived from a cross of bfe heterozygotes (four experiments, n = 178, 27% strong
anterior somite phenotype and an elongation defect). Injection of fn3mo1 up to 1 mM by itself produces no clear phenotype, but injection of
750 M fn3mo2 produces irregular somites and a tail extension defect (two experiments, 82% affected, n = 55).
(J and K) We used two different morpholinos to knockdown fn3 activity. Coinjection of 500 M each of fn3mo1 and fn3mo2 produces the
same phenotype but with less toxicity (three experiments, 97% affected, n = 127). The embryo in (J) is at thew7-somite stage, and the same
embryo is pictured in (K) at the 20-somite stage.
(L and M) Coinhibition of fn1 and fn3 produces defects ranging from an enhancement of the (L) somite defect (three experiments, 100%
affected, n = 74) to a (M) dramatically shortened body axis (four experiments, 100% affected, n = 192), depending upon the combination and
concentration of the injected morpholinos.
(H)–(M) are lateral views of live 12- to 14-somite-stage embryos. Anterior is toward the left.bud and PSM (Figures 5C and 5D). fn3 is more broadlynd strongly expressed throughout the paraxial meso-
erm during segmentation, but shows a difference in
ts early and late expression in that the PSM/tailbud
xpression is much weaker during early/anterior somi-
ogenesis (Figures 5E and 5F). Despite the broad ex-
ression of integrina5, integrinb1, and the two fibronec-
ins, assembly of the Fn matrix is localized to the
omite borders and surfaces of the paraxial mesoderm
Figure 5G) (Crawford et al., 2003).
Due to the possible extensive redundancy among the
umerous Fn receptors, we undertook a functional
nalysis of the two ligands to determine if Integrin-Fn
nteractions are necessary for posterior segmentation.
erturbation of fn1 function in zebrafish in the mutant
atter or via morpholino was recently shown to affect
igration of the heart field (Trinh and Stainier, 2004).
e find that inhibition of fn1 via injection of the nat/fn1
orpholino gives a weak anterior somite border defect,
irst visable around the 8- to 10-somite stage, similar
o a phenotype observed in some integrina5 clutches
Figure 5H). The relative subtlety of the defect likely ex-
lains why this aspect of the nat/fn1 phenotype has not
een reported previously. Further injection of the nat/
n1 morpholino into integrina5 mutant embryos causes
n enhancement of the integrina5 phenotype, though
osterior somitogenesis still recovers (Figure 5I). We
sed two different morpholinos to knockdown fn3 and
ind that combining the two gives a stronger, more pen-
trant phenotype (Figures 5J and 5K). Knockdown offn3 produces embryos that initially form somites (Figure
Integrinα5, Notch, and Somite Morphogenesis
5815J). However, by the 15- to 20-somite stage, the regular
somite morphology is lost, and tail extension defects
are apparent (Figure 5K). Coinjection of low concentra-
tions of fn1 and fn3 morpholinos leads to an enhanced
somite defect (Figure 5L). Increasing the dosage of the
fn1 and fn3 morpholinos leads to more profound de-
fects in axis formation/elongation (Figure 5M). These
phenotypes suggest the existence of a spatiotemporal
division of labor among the fibronectins such that fn1
is more important for anterior somitogenesis than fn3.
Moreover, these experiments imply that Integrin-Fn in-
teractions are important for somitogenesis along the
entire body axis, with other integrins playing a more
prominent role in posterior somitogenesis in lieu of in-
tegrina5.
integrina5;notch Pathway Double Mutants Display
Synergistic Defects in Somite Border Formation
integrina5 has an anterior segmentation phenotype
complementary to the posterior segmentation defect
observed in notch pathway mutants such as aei/deltaD
(Figures 6B and 6C). We thus sought to characterize
the phenotype of embryos double mutant for integrina5
and the notch pathway genes. integrina5;aei/deltaD
double mutant embryos display segmentation defects
along the entire anterior-posterior axis (Figure 6D).
Moreover, the irregular borders seen in the posterior of
aei/deltaD embryos (Figure 6C, arrow) are missing in
the double mutants. Since the posterior somite borders
form in integrina5 single mutants, the lack of even irreg-
ular borders in the double mutants is a synergistic ef-
fect of the loss of both integrina5 and aei/deltaD. This
same effect was seen in a parallel analysis of integrin-
a5;bea double mutants (Figures 6E and 6F) and integ-
rina5;des/notch1a (data not shown). We further found
that perturbation of integrina5 function eliminates the
resistance of the anterior somites to ectopic, low-level
expression of NICD and X-Su(H)DBM, with the injected
mutant embryos displaying a defect stronger than that
of integrina5 mutants (data not shown).
The synergy in the posterior of integrina5;aei/deltaD
embryos is apparent too early in development to be
due to either a defect in somite border maintenance or
to the adaxial cell/slow muscle fiber phenotype in the
posterior somites of integrina5. We therefore examined
the phenotype of the integrina5;aei/deltaD embryos in
more detail in order to pinpoint the nexus of the syn-
ergy. titin expression marks the segment borders of
wild-type embryos (Figure 6G) (Oates and Ho, 2002),
the irregular posterior somite borders in aei/deltaD em-
bryos (Figure 6H), and irregular anterior somite borders
and the U-shaped posterior somites of integrina5 em-
bryos (Figure 6I). There is a marked increase in pertur-
bation of the titin staining in the integrina5;aei/deltaD
double mutant embryos as compared to either single
mutant (Figure 6J). Likewise, examination of myotome
organization reveals irregular myotome borders in the
posterior of aei/deltaD embryos (Figure 6L), U-shaped
myotomes in integrina5 embryos (Figure 6M), and com-
plete disorganization in integrina5;aei/deltaD double
mutant embryos (Figure 6N).
We next investigated cellular morphology within the
region that should encompass the nascent somites in
10- to 16-somite-stage wild-type, mutant, and double
mutant embryos. Examination of f-actin reveals the co-lumnar border cells, along the regular somite borders
in wild-type embryos (Figure 6S), along the irregular
borders in aei/deltaD embryos (Figure 6T), and along
the regular posterior somite borders in integrina5 em-
bryos (Figure 6U). However, the cells in the posterior
paraxial mesoderm of integrina5;aei/deltaD double mu-
tant embryos fail to adopt the columnar cell shape and
make segment borders, suggesting a defect in the MET
that occurs during morphological segmentation (Figure
6V). Cell polarity can also be visualized by β-catenin
localization (Figures 6W–6Z, green), which lines the cell
cortex, and by the localization of the nuclei (Figures
6W–6Z, red). The columnar cell shape and basal local-
ization of the nuclei can be seen along the regular so-
mite borders in wild-type embryos (Figure 6W), along
irregular borders in aei/deltaD embryos (Figure 6X), and
along regular borders in integrina5 embryos (Figure 6Y),
but cannot be seen in integrina5;aei/deltaD double mu-
tant embryos (Figure 6Z). These findings suggest that
the posterior paraxial mesoderm cells of the double
mutant are unable to undergo MET. The cells of the
PSM in fss mutant embryos also fail to undergo MET,
and this has been shown to be due largely to loss of
ephA4 expression (Barrios et al., 2003). In contrast, the
onset of ephA4 expression in the anterior PSM can be
seen in integrina5;aei/deltaD double mutant embryos
(Figure 6R, arrowhead). Therefore, the lack of MET is
not due to loss of either ephA4 expression or the ex-
pression of ephrinB2b, ephrinA1, or ephrinB2a (data
not shown).
Cell-ECM interactions are important for establishing
and maintaining cell polarity. Indeed, Integrins were so
named for their ability to integrate the ECM with the actin
cytoskeleton (Miranti and Brugge, 2002). In the zebrafish,
Fn protein is detected on the surfaces of the paraxial
mesoderm and along the somite borders, but not within
the PSM (Crawford et al., 2003). Costaining for Fn mat-
rix (Figures 6A#–6D#, green) with the nuclei (Figures
6A#–6D#, red) shows that in wild-type embryos the Fn
matrix is assembled concomitantly with the basal align-
ment of the nuclei along the nascent somite borders
(Figure 6A#). Some organization can be seen along the
irregular borders in aei/deltaD embryos (Figure 6B#)
and in integrina5 embryos (Figure 6C#), but Fn matrix
assembly is virtually absent in integrina5;aei/deltaD
double mutant embryos (Figure 6D#), again illustrating
the synergy between notch signaling and integrina5
during somite morphogenesis. A parallel analysis of in-
tegrina5;des/notch1a and integrina5;bea double mu-
tants yielded comparable results (data not shown). In
summary, catechization of the double mutants indi-
cates that integrina5 and notch signaling function in
parallel to regulate segment border morphogenesis,
MET, and assembly of the Fn matrix during posterior
somitogenesis.
Discussion
integrina5 Is Required for Anterior Somitogenesis
We performed a genetic screen for anterior-specific so-
mite mutants and found two alleles of integrina5. This
screen was as large as the 1996 Tu¨bingen genetic
screen that yielded 18 posterior-specific somite mu-
tants representing four genes: aei/deltaD, des/notch1a,
Developmental Cell
582Figure 6. Concomitant Perturbation of integrina5 and notch Signaling Eliminates All Somite Formation
(A) A 17-somite-stage wild-type embryo.
(B) A w13-somite-stage integrina5 homozygote.
(C) A w15-somite-stage aei/deltaD homozygote. The arrow indicates the most obvious posterior border.
(D) integrina5;aei/deltaD double mutant. Pictured is a w13-somite-stage embryo.
(E) bea homozygote. Arrows indicate partial borders in the posterior paraxial mesoderm.
(F) bea;integrina5 double mutants. In each experiment, embryos were derived from parents double heterozygous for either integrina5tbfe1 or
integrina5tbfe2 and either aei/deltaDtg249, beatit446 (shown), des/notch1atx201, or fss/tbx24ti1 (data not shown).
(G–J) Lateral views of titin expression, which marks each somite border in embryos 30 hpf. (G) Wild-type. (H) aei/deltaD homozygotes. (I)
integrina5 embryos. (J) aei/deltaD;integrina5 double mutants.
(K–N) Myotome organization in the posterior trunk is revealed by slow muscle myosin localization in embryos 36 hpf. (K) Wild-type. (L) aei/
deltaD. (M) integrina5. (N) aei/deltaD;integrina5. Projections of stacks of confocal images of lateral views of the 10th–15th somites.
(O–D#) Dorsal views of one bilateral half of the most recently formed somites of 10- to 16-somite-stage embryos.
(O–R) Induction of ephA4 transcription (arrowheads) can be seen in the anterior PSM in (O) wild-type, (P) aei/deltaD, (Q) integrina5, and (R)
aei/deltaD;integrina5.
(S–V) Examination of cell morphology within the somitic mesoderm via phalloidin staining. (S) Wild-type. (T) aei/deltaD. (U) integrina5. (V)
aei/deltaD;integrina5.
(W–Z) Examination of β-catenin localization (green) and nuclei (prodidium iodide, red) show epithelial borders with basal localization of nuclei
along somite borders. (W) Wild-type. (X) aei/deltaD. (Y) integrina5. (Z) aei/deltaD;integrina5. The arrows in (X) point to polarized cells along
an irregular border.
(A#–D#) The basal side is the actual somite border and can be visualized via Fn localization (green) and nuclear orientation (propidium
iodide, red).
(A#) Wild-type. Examination of a number of wild-type embryos suggests that Fn matrix assembly begins w5–10 min after the somite border
cells begin to align. (B#) aei/deltaD. (C#) integrina5. (D#) aei/deltaD;integrina5. (S)–(D#) are confocal images.
In all panels, anterior is toward the left.white tail/mindbomb, and bea. While the results of the c
a1996 screen underscore the importance of notch sig-
naling in posterior somitogenesis, the results presented n
shere imply a central function of integrina5 in anteriorsomitogenesis. The integrina5 phenotype varies signifi-antly from clutch to clutch due to genetic background
nd possibly due to disparities in the degree of mater-
al rescue. The weak phenotype consists of regular, but
omewhat indistinct, borders affecting the first 2–6 so-
mites, while reduction of the maternal contribution in
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of border formation in the anterior somites. In all cases,
border formation is initiated in the anterior, but it is not
completed or maintained, and the embryos recover
with normal posterior somitogenesis. In many clutches,
it is difficult to recognize the irregular anterior somite
borders in an older embryo, and we believe that our
discovery of these mutations is due to screening the
embryos between 5 and 15 somites, when the pheno-
type is most obvious.
integrina5 Is Required for the Morphogenic Activity
of the Slow Muscle Fibers
integrina5 mutant embryos have U-shaped posterior
somites, and our characterization suggests that this is
due to a subtle defect in the slow muscle fibers. Given
that integrina5 is highly expressed in the adaxial cells
and that Fn matrix is present in the myotome borders,
we interpret the U-shaped phenotype as a result of re-
duced adhesion between the slow muscle fibers and
the myotome borders. This is supported by the occa-
sional disruption of the myotome border in the poste-
rior of integrina5 homozygotes (Figure 6M). The ele-
vated levels of integrina5 expression in the adaxial cells
may also allow the slow muscle fibers to assemble
myotome borders de novo in fssmutant embryos, lead-
ing to the adaxial cell-dependent “rescue” of borders
in this mutant.
Comparison of Zebrafish integrina5
to Other Somite Mutants
Generally speaking, the zebrafish integrina5 morpho-
logical phenotype is most similar to that of PDGFRα
mutant mice and the congenital human disease Klippel-
Feil syndrome. While the etiology of Klippel-Feil syn-
drome is unknown, the defect in PDGFRα mutant mice
is thought to result from aberrant signaling between the
myotome and sclerotome rather than in segmentation
itself (Pourquié and Kusumi, 2001; Soriano, 1997;
Tallquist et al., 2000). Injection of morpholinos against
her1 have been reported to specifically affect the ante-
rior somites, but it is not clear if this is due to the actual
requirement for her1 or if it is due to a reduced efficacy
of the morpholino over time, as was shown to occur
with morpholino-mediated inhibition of foxc1a function
during somitogenesis (Henry et al., 2002; Oates and Ho,
2002; Topczewska et al., 2001).
In vertebrates, there are 18 α and 8 β Integrin sub-
units that are known to produce at least 24 different
heterodimers. Integrinα5β1 is thought to be the primary
receptor for Fn, though α3β1, α4β1, α8β1, αvβ1, αvβ3,
αvβ6, and αIIbβ3 can also bind Fn (Yang et al., 1999).
Gene knockout experiments in the mouse identified
requirements only for fn and integrina5 in somitogen-
esis. The fn knockout mouse phenotype is more severe
than the mouse integrina5 mutant phenotype in that it
completely lacks both a notochord and somites. This
fn phenotype is reminiscent of the fn1;fn3 double knock-
down phenotype in zebrafish (Figure 5M) (Georges-
Labouesse et al., 1996). The strongest integrina5 knock-
out phenotype consists of irregular anterior somites
and a truncated posterior body. This general require-
ment for integrina5 in posterior development in mouseprecluded a direct analysis of posterior segment border
formation in these mutants (Yang et al., 1999).
integrina5 and notch Signaling during Zebrafish
Somite Border Morphogenesis
Somite border morphogenesis begins with alignment of
the border cells and continues for the next hour as
these cells develop a columnar morphology with an
apical-basal polarity and assemble a basal Fn matrix.
The analysis of integrina5;aei/deltaD double mutants
unveiled redundancy between integrin and notch path-
way function in promoting somite border morphogene-
sis and Fn matrix assembly. This is a role for Integrin-Fn
not revealed in either integrina5 mutants or fibronectin
morphants, probably due to redundancy. The synergy
observed in the integrina5;notch double mutants is not
due to a failure to maintain irregular somite borders, as
our cellular analysis specifically focused on the region
that should encompass the nascent somites, and no
evidence of somite border morphogenesis was de-
tected. The synergy may be indicative of a regulatory
relationship between Notch and Integrinα5 whereby
Notch affects Integrinα5 activity directly or indirectly via
Eph/Ephrin signaling, which is involved in governing
somite border morphogenesis (Barrios et al., 2003; Dur-
bin et al., 1998). Integrinα5-GFP begins to cluster along
the future basal surface of the somite border cells as
soon as cells begin to align at the onset of border for-
mation, while Fn matrix assembly is detected w5–10
min later. These two observations suggest that the ini-
tial Integrinα5 clustering is not due to Fn-mediated
“outside in” signaling, but is due to cytoplasmic, cell-
autonomous “inside out” regulation. The cumulative
picture arising from the examination of integrina5;aei/
deltaD double mutants, Integrin clustering, and Fn mat-
rix assembly suggests that morphological somite bor-
der formation encompasses concomitant and interde-
pendent Notch/Integrin-mediated MET and Fn matrix
assembly (Figure 7A).
In addition to how Notch might affect the activity of
Integrinα5, the question of why isn’t Notch necessary
for anterior somite border formation remains. Irrespec-
tive of whether Notch generates the oscillations in the
PSM or synchronizes them (Holley et al., 2000, 2002;
Jiang et al., 2000), it is not clear why aei/deltaD or des/
notch1a would not be required for establishing seg-
ment polarity and regulating segment border formation
since there is ample evidence for this later, postoscilla-
tor function of the notch pathway in somitogenesis
(Sato et al., 2002; Takahashi et al., 2000, 2003). The fact
that the anterior somites are resistant to dominant per-
turbation of notch signaling indicates that anterior so-
mitogenesis is more robust than posterior somitogen-
esis. Rather than the robustness being due to
redundancy whereby the generation of a segmentation
signal, x, is divided equally between redundant genes,
the ectopic NICD or X-Su(H)DBM experiments suggest
that the robustness is due to the generation of a 2x
segmentation signal whose greater amplitude would re-
sist interference from dominant perturbation of notch
signaling. Alternatively, there could be a qualitative dif-
ference in the control of anterior somite morphogenesis
with notch being utilized in a reduced capacity, thereby
curtailing the effects of perturbing notch signaling. The
sensitivity of the 7th–9th somites to perturbation in fss/+
and fss/+;aei/+;des/+ embryos implies an important
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Figure 7. A Model for Notch and Integrinα5 Function during Somite a
Border Morphogenesis
e
(A) Notch may affect Integrin activity somewhat directly (orange
oarrow) by stimulating the separation of the cytoplasmic tails of the
mα5β1 heterodimer and thereby switching the extracellular domain
(of the α5β1 to the high-affinity, ligand binding conformation (inside-
out signaling). For example, expression of an activated form of m
Notch4 in cultured endothelial cells somehow increases the per- s
centage of active, high-affinity Integrinβ1 conformation on the cell t
surface (Leong et al., 2002). Alternatively, notch signaling could af-
fect α5β1 function more indirectly (red arrow) by causing a change
Ein cytoskeletal organization or through Eph/Ephrin signaling (purple
arrows). The Integrinα5β1 heterodimer functions in Fn matrix as-
Zsembly during epithelialization. Binding of Fn to α5β1 affects cy-
Ztoskeletal organization via “outside-in” signaling (Miranti and
2Brugge, 2002). One protein that may mediate outside-in signaling,
nFocal Adhesion Kinase, has been shown to localize basally in ze-
brafish somite boundary cells (Henry et al., 2001). The cytoskele-
ton-α5β1 interactions are in turn necessary for Fn matrix assembly P
(Wierzbicka-Patynowski and Schwarzbauer, 2003). The changes in M
the cytoskeleton, Integrinα5β1 activity, and Fn matrix would be s
self-reinforcing by leading to further Integrin clustering and thus h
further cytoskeletal polarization and Fn matrix assembly as mor- S
phological somite formation proceeds. s
(B) Integrinα5 and notch signaling have complementary spatiotem- E
poral requirements during zebrafish somitogenesis. There is a P
greater requirement for integrina5 during early/anterior somitogen- P
esis than in late/posterior somitogenesis (blue), while there is a m
complementary requirement for notch signaling (yellow). The tran- w
sition (green) is coincident with changes in the way in which the a
paraxial mesoderm is specified, in the rate of segmentation, and in o
the regulation of somitic gene expression. RIchange in regulation or mechanism as opposed to a
Fchange in which there is greater redundancy, since
g
there is no apparent reason that such a latter transition e
would be sensitive to fss heterozygosity. f
(
MWhy Are Anterior Somites Different
Tfrom Posterior Somites?
5We found that point mutations can cause segmentation
s
defects in either the anterior somites, the posterior so- f
mites, or at the transition from early to late somitogen- a
cesis (Figure 7B). At present, the genesis of the differ-nces between anterior and posterior somitogenesis
emains unknown. One possible explanation was that
omites 7–9 represented the transition from the meso-
erm generated during gastrulation to tailbud-derived
issue. However, fate mapping data indicate that this
ransition occurs around somites 11–13 (data not
hown) (Agathon et al., 2003; Mu¨ller et al., 1996). Never-
heless, other observations do suggest that the anterior
omitic mesoderm is specified in a manner that is dif-
erent than the posterior somites (Chapman and Papa-
oannou, 1998; Schier et al., 1997; Yoon and Wold, 2000).
t is plausible that variations in segmentation could be
elated to differences in the ontogeny of distinct ante-
ior-posterior regions of the paraxial mesoderm.
Our genetic data largely support a model in which the
egulation of anterior somite morphogenesis is different
han that in the posterior. In this regard, it is notable
hat when the initial w6 somite borders form, there is
till extensive dorsal convergence occurring, as the so-
ites are broad along the medial-lateral axis but con-
erge such that they shrink medial-laterally and expand
orsal-ventrally. This may necessitate differences in the
ontrol of segment morphogenesis. Amphioxus offers
more extreme parallel in that the anterior, Engrailed-
xpressing somites form by pinching off from the roof
f the archenteron (enterocoely), while the posterior so-
ites bud off from the tailbud and later hollow out
schizocoely) (Holland et al., 1997). While anterior so-
itogenesis in higher vertebrates may not exactly re-
emble that in amphioxus, this anterior-posterior dis-
inction may have a common origin.
xperimental Procedures
ebrafish Care and Rearing
ebrafish were raised as described in Nu¨sslein-Volhard and Dahm,
002. The two bfe alleles, tbfe1 and tbfe2, were originally desig-
ated thl030 and tig453, respectively.
ositional Cloning of bfe
apcrosses between bfe and WIK and a bulk-segregant genome
can were performed by using standard protocols (Nu¨sslein-Vol-
ard and Dahm, 2002). Single embryo mapping placed bfe between
SLPs z4421 and z5141 on LG23. BAC libraries (RZPD) were
creened via PCR by using the SSLPs as well as closely linked
STs. and putatively identified BACs were retested individually via
CR. BAC end sequences generated by the Zebrafish Genome
roject were used to screen for SNPs via resequencing the bfe
apcrosses. The SNPs were examined on recombinants identified
ith z4421 and z5141 to map bfe to the genetic interval containing
predicted homolog of integrina5. The full coding sequence was
btained from both bfe alleles by sequencing three independent
T-PCR products from each allele.
njection Experiments
ull-length integrina5 lacking the endogenous 5# and 3# UTRs was
enerated via PCR and were cloned into pCS2+; subsequently,
GFP was spliced in frame at the C terminus of Integrinα5. mRNA
or the integrins X-Su(H)DBM (Wettstein et al., 1997) and NICD
Takke and Campos-Ortega, 1999) were generated with the SP6
essage Machine Kit (Ambion). The integrina5 morpholino (Gene-
ools) (5#-taaccgatgtatcaaaatccactgc-3#) was designed to bind the
# UTR just upstream of the start codon. The nat/fn1 morpholino
equence is as previously described (Trinh and Stainier, 2004). The
n3 morpholinos sequences are as follows: fn3mo1 (5#-tactg
ctcacgggtcattttcacc-3#) and fn3mo2 (5#-gcttctggctttgactgtattt
gg-3#).
Integrinα5, Notch, and Somite Morphogenesis
585In Situ Hybridization and Immunohistochemistry
The zebrafish integrinß1 EST (http://www.zfin.org, Genbank: CF417014)
was used to generate a riboprobe for expression analysis (Thisse
et al., 2001). The anti-Engrailed monoclonal 4D9 (Developmental
Studies Hybridoma Bank) was used 1:50 on PFA-fixed embryos
and was detected by using the Elite ABC Peroxidase Kit (Vector).
The rabbit anti-β-catenin antibody was used at a dilution of 1:100
on PFA-fixed embryos and was visualized with a goat anti-rabbit
Alexa647 antibody (Molecular Probes) used at a 1:200 dilution. The
mouse S58 anti-slow myosin antibody (Developmental Studies Hy-
bridoma Bank) was used at a dilution of 1:10 on embryos fixed in
Carnoy’s fixative and was visualized with a goat anti-mouse FITC
antibody (Sigma) (1:16). The rabbit anti-Fn antibody (Sigma) (1:200)
was visualized with the goat anti-rabbit Alexa647 (Molecular
Probes) (1:200). Alexa488 phalloidin (Molecular Probes) was used
at 400 nM. Propidium iodide (Molecular Probes) was used accord-
ing to the manufacturer’s instructions.
Supplemental Data
Supplemental Data including a timelapse movie of the Integrinα5-
GFP;nls-RFP-expressing embryo shown in Figure 4J (Quicktime)
are available at http://www.developmentalcell.com/cgi/content/
full/8/4/575/DC1/.
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